Abstract. CaFeGe 2 O 6 , the germanium-analogue to the mineral Hedenbergite, has been synthesized at 1273 K in evacuated SiO 2 -glass-tubes. Powder neutron diffraction data collected between 4 K and 300 K were used to evaluate the magnetic spin as well as the nuclear crystal structure and its T-evolution.
Introduction
Structure-property relations in pyroxenes have been studied for many decades (see [1] for an early review). The interest was then mainly triggered by the important role of pyroxenes as rock forming minerals in the lower crust and upper mantle. As such they belong to the group of singlechain silicates, general formula ABT 2 . The A cations occupy the M2 site, which is 5-8 fold coordinated, the B cations form the zig-zag chains of edge-shared M1-site octahedra, running parallel the crystallographic c-axis, while the T-site cations form the tetrahedral single-chains, also running parallel to the c-axis. Crystal structure, crystal chemistry and phase equilibria have been studied over a wide range of concentration, temperature and pressure in X-T-P space . Depending on these parameters, the most common space groups are Pbca, (orthopyroxenes) and P2 1 /c or C2/c, (clinopyroxenes). The corresponding phase transitions leave the local coordination polyhedra and their linkage essentially unchanged.
Magnetic properties of pyroxenes with transition metal cations have also been studied thoroughly in the past [16-19, 21, 22, 26-32] . Most of these "magnetic pyroxenes" order in rather simple collinear antiferromagnetic structures. Only very few pyroxenes have been reported to exhibit complex helical or cycloidal magnetic structures [17, 33] . A distinctive feature found in a number of magnetic clinopyroxenes is a pronounced magnetostriction at the magnetic ordering transition, indicative of a strong magnetoelastic coupling [17, 28, 29] . This also applies to the title compound CaFeGe 2 O 6 as will be shown below.
Interest in magnetic pyroxenes has been revitalized when, in 2007, Jodlauk et al. [34] proposed that Aegirine, (NaFeSi 2 O 6 ), Li-Aegirine (LiFeSi 2 O 6 ) and LiCrSi 2 O 6 are, in fact, magnetoelectric/multiferroic materials. These pyroxenes develop a dielectric polarisation at or slightly below the magnetic ordering transition, either in zero external magnetic field (Aegirine) or assisted by an external magnetic field. Indeed, the clinopyroxenes LiCrSi 2 O 6 and LiFeSi 2 O 6 turned out to be linear magnetoelectrics and multiferroic behaviour was proved for natural crystals of the mineral Aegirine (NaFeSi 2 O 6 ) (see also [35, 36] ). Recently, the Germanate-Aegirine NaFeGe 2 O 6 has been shown to also belong to this class of materials [17, 33, 37] .
While the term multiferroicity in its strictest sense implies the co-existence of more than one of the four possi-ble ferroic states (ferromagnetic, ferroelectric, ferroelastic, ferrotoroidial [38] , [39] in a material, the naming has been relaxed and materials with a strong coupling of magnetic (ferro-as well as antiferro) and dielectric order are generally called magnetoelectric multiferroics. Also, artificial layered structures are sometimes called "composite multiferroics" as opposed to "single phase multiferroics" like the pyroxenes.
Another classification separates materials into type I and II multiferroics [40] . Type I multiferroics are materials in which the energy scales of magnetic and ferroelectric ordering are very different so that there is little interaction between them. A long known example is BiFeO 3 with a ferroelectric ordering temperature of T C % 1100 K [41] and an antiferromagnetic ordering at T N % 640 K [42] . More in the focus of current research are type II multiferroics, where ferroelectricity only occurs in the magnetically ordered state and very close or even in coincidence with the magnetic ordering transition. Pyroxenes belong to this second type. The coupling of two ferroic order parameters allows influencing magnetic systems by electric fields and vice versa. This has led to a number of proposed applications of multiferroics in the fields of microelectronics, spintronics [43] , sensors and data storage techniques [44] .
For possible applications in devices which operate at room temperature, the multiferroic effects to be exploited need to occur well above ambient temperature. In that sense, multiferroic/magnetoelectric pyroxenes are predominantly an interesting subject of basic research. From a symmetry point of view, the simultaneous breaking of time reversal symmetry (magnetic order-parameter) and spatial inversion symmetry (ferroelectric order-parameter) is of particular interest. The delicate interplay between elastic, dielectric and magnetic degrees of freedom in pyroxenes are yet to be explored in depth. More and detailed information on the properties of new magnetic pyroxenes like --Germanium-Hedenbergite (Ge--Hd) CaFeGe 2 O 6 presented in this contribution, whether multiferroic/magnetoelectric or not --are therefore very useful to promote this field of research.
Experimental

Materials synthesis
CaFeGe 2 O 6 was prepared from the appropriate proportions of CaO, Fe, Fe 2 O 3 and GeO 2 using a ceramic sintering route in evacuated SiO 2 -glass-tubes. CaO was obtained from CaCO 3 , fired at 900 C for 24 hours and immediately being weighed afterwards to avoid any formation of portlandite Ca(OH) 2 . The starting material was heated to 1273 K stepwise over a period of 4 hours in a horizontal tube furnace and held at this temperature for 30-32 hours for each of the five conducted experiments. Before synthesis the starting material was carefully homogenized by grinding in an agate mortar under alcohol. The final sample had a yellow brown colour and contained phase pure CaFeGe 2 O 6 only, except of two out of 5 batches which showed $1 wt% cristobalite SiO 2 , resulting from reaction with the SiO 2 -glass tubes. The five samples, proven to be identical using powder X-ray diffraction, and having a weight of $1.7 g each, where merged into one large volume, used for subsequent neutron diffraction experiments.
Neutron diffraction
Neutron diffraction experiments were done at the Forschungsneutronenquelle Heinz Maier-Leibnitz (FRM II) Munich, Germany. Powder diffraction data were acquired in constant wavelength mode using the high resolution (4) powder diffractometer SPODI [45] on the sample contained in a 14 mm diameter vanadium can at temperatures between 4 K and 300 K with Ge551 monochromatized neutron radiation (l ¼ 1.5482 Å ). Experiments were performed in a 2q range 3 2q 152 , step width 0.04 . Data treatment (k-vector determination, Rietveld refinement) was done using the FULLPROF-suite of programs [46] . Experimental data and refinement results of the 4 K, 50 K and 298 K measurements are compiled in Table 1 , fractional atomic coordinates are listed in Table 2 and some secondary structural parameters are listed in Table 3 .
Magnetization measurements
The magnetic measurements were performed at the Philips-Universität Marburg/Lahn, Germany on a MPMS-S SQUID-magnetometer (Quantum Design, San Diego, USA). A correction for the diamagnetism of the sample and the sample container was applied before calculating susceptibilities from the magnetization data.
Results
Magnetic measurements
At an external field H ¼ 1 kG the magnetic susceptibility c molar of synthetic CaFeGe 2 O 6 exhibits a sharp maximum at T max ¼ 42.9 K in its temperature dependence with the point of inflection being located at 40.2 K (Fig. 1) . From previous experience in Ca-clinopyroxenes, ) T max corresponds to the onset of 3D magnetic ordering; this is further supported by the results of the neutron diffraction experiments. The inverse magnetic susceptibility 1/c molar (inset of Fig. 1 ) shows Curie-Weiss behaviour above $70 K. By fitting a regression line according to the Curie-Weiss law to these data the paramagnetic Curie-temperature was obtained as q P ¼ þ18.6 K, indicating dominating ferromagnetic interaction in paramagnetic CaFeGe 2 O 6 . As compared to Silicate-Hedenbergite (Si--Hd) (CaFeSi 2 O 6 with T N ¼ 34.2 K), the ordering temperature is higher by $8.7 K, while q P is distinctly lower (þ40.2 K and þ18.6 K in the silicate and in the germanate respectively). The field dependence of the magnetisation M ¼ f ðHÞ at 5 K is linear up to 55 kG, the highest field which could be reached with the experimental setup used here (see also  Table 5a ).
Nuclear structure of CaFeGe 2 O 6
The neutron diffraction data at room temperature can successfully be indexed on the basis of a monoclinic unit cell with space group C2/c which corresponds to the typical symmetry of Ca-clinopyroxenes. The atomic structure of Hedenbergite (see for instance [14] ) was used as a starting model for refining the nuclear structure of CaFeGe 2 O 6 ; refinements converged to R wp values better than 8.5% and R Bragg values below 3%. Details on data collection and refinement for selected temperatures are compiled in Table 1, fractional atomic coordinates and isotropic atomic displacement parameters are given in Table 2 while Table 3 contains bond-lengths and bond-angle information.
The substitution of Si 4þ in Hedenbergite by Ge 4þ increases the unit cell volume by 7.6%, which is mainly the result of the increase of the a-and c-unit cell parameters (þ3.4 and 3.6% respectively), while the b-direction appears to be almost unaffected by the Si 4þ --Ge 4þ replacement (þ0.3% only); the monoclinic angle b slightly decreases, however CaFeGe 2 O 6 remains in the so-called high temperature HT-C2/c structure of the clinopyroxenes, while pyroxene-type FeGeO 3 , which also has C2/c symmetry, displays a different topology mainly with respect to the kinking of the tetrahedral chains and the coordination of the M2 site and thus reveals the HP-C2/c structure of Fe1--O1--Fe1 93.51 (7) 93.60 (7) 93.98 (7) 92.61 (7) Fe1--Fe1 (intra) (Å ) 3.150 (1) high pressure silicate clinopyroxenes [19] . The main difference between Si--Hd and CaFeGe 2 O 6 naturally concerns the tetrahedral site: the average T--O distance increases from 1.634 Å to 1.753 Å (þ7.2%) which matches very well with the difference in ionic radii in the Si--O and Ge--O bond [47] . As the tetrahedral chains of the pyroxene structure are firmly connected to the zig-zag chains of the M1-chains of FeO 6 octahedra (see Fig. 2 for a diagram of the structure), the increased size of the tetrahedra implies several alterations also at the M1 sites: (i) the average Fe 2þ --O bond length is extended by 0.1 Å as compared to Si--Hd, but has the same value as in FeGeO 3 clinopyroxene [19] ; (ii) the shortest distance between neighbouring Fe 2þ sites within the M1 chain increases by 1.7% to 3.163(1) Å , this is accompanied by an increase of the Fe1--O1--Fe1 angle (critical for the type of magnetic interaction within the chain) to 93.98 (7) ; (iii) the separation of neighbouring M1-chains itself is also increased as compared to Si--Hd, the shortest distance of Fe 2þ cations of two adjacent chains is 5.909(1) Å , which is an increase by 3.5%. Among the Fe 2þ bearing clinopyroxenes, Ge--Hd displays the largest M1-M1 separation and also the largest M--O--M angle. These changes in M1 site geometry alone, however, are not sufficient to match the octahedral with the firmly connected tetrahedral chains: The most effective mechanism is the increase of tetrahedral chain kinking. While in Si--Hd, the O3--O3--O3 bridging angle is 164. 48 , it decreases to 156.9(1) in the germanium analogue, leading to a stronger kinking of the tetrahedral chains. This reduces the extension along the c-axis and allows matching of octahedral and tetrahedral chains; by this mechanism also the lateral space requirement of the tetrahedral chain along the b-axis is reduced which is seen as the main reason for the similarities of the b-axes in Silicate-and Germanate-Hedenbergite. Ca 2þ on the M2 site in Ge--Hd is 8-fold coordinated; individual and average Ca--O bond lengths are very similar to the ones in Si--Hd (see Table 3 ).
For magnetic super-exchange between transition metal atoms the above mentioned M--M distances and the M--O--M angles are of special interest. For the pyroxene structure with its quasi 1D character of the M1-chains different magnetic super-exchange pathways between the transition metal cations are present. Within the M1 zig-zag chain of the structure the super-exchange takes place along J 1 (Fig. 2) via the O1 oxygen atom involving the M1--O1--M1 angle. Following the Goodenough-Kanamori-rules, a rectangular M--O--M geometry favours ferromagnetic coupling of spins, while any larger deviations from this causes antiferromagnetic coupling [48] . For clinopyroxenes a critical Fe--O--Fe angle of $95-98 was postulated where the intra-chain interaction changes from FM to AFM [49, 29] . The interaction between neighbouring chains involves the tetrahedral chains, irrespective of whether the interaction path is assumed to go via the O1--O2 edge or to also involve the covalence of the tetrahedral cation. Two different super-exchange paths between the chains are discussed [49] . The first one operates along J 2 in Fig. 2 , representing the shortest distance between M1 cations in neighbouring chains and involves the O2--O1 edge, while the second is along J 0 2 and involves two rather distant M1 cations, for the case of CaFeGe 2 O 6 this distance is 6.812 Å at 298 K. This gives rise to a distorted triangular lattice which might cause magnetic frustration as discussed by Jodlauk et al. (2007) [34] .
Temperature dependency of the nuclear structure
Monoclinic C2/c CaFeGe 2 O 6 retains the symmetry of its nuclear structure down to the lowest measuring temperature, no evidence for a change of the crystallographic symmetry was observed. The cell parameters decrease monotonically down to 50 K, especially for the a-direction, low temperature saturation effects are present below 100 K. As is evident from Fig. 3 , pronounced discontinuities are visible for the a-and b-unit cell parameters, while c-and the monoclinic angle only slightly change at the magnetic ordering transition. These changes are a clear signature of a magnetoelastic coupling of the lattice to the magnetic order parameter in the vicinity of the magnetic ordering transition below 43 K. As is displayed in Fig. 3f , this coupling is most evident along the b-axis, were the ordering causes a shrinking of the cell, while along the a-axis the unit cell expands upon ordering. The gradual temperature evolution of the metric distortions, with steep changes just below the ordering temperature and saturation at lower temperatures reflects the temperature evolution of the magnetic order parameter (see Fig. 6 ).
Upon cooling, only small changes in bond lengths are observed (see Table 3 ). The most prominent one concerns the smaller of the Ca--O3 bonds which decreases from 2.618(3) to 2.595(3) Å , below $60 K no additional changes are observed; on the other hand, the longer Ca--O bond increases by $0.07 Å between 4 K and 298 K. Both changes are a direct consequence of the altered O3--O3--O3 bridging angle of the tetrahedral chain, to which the Ca-atoms are bonded. The Ca--O2 bonds decrease by $0.07 Å down to 60 K, then remain constant, the Ca--O1 bonds show reversed behaviour, they remain almost constant down to 60 K, but then reduce; overall, the average hCa--Oi bond length gets reduced from 2.518(3) to 2.510(3) Å , with only a very slight reduction below 60 K.
Among the Fe--O bonds, the longer Fe--O1 bond, which is the one within the equatorial plane of the octahedron, shrinks by $0.08 Å between 298 K and 50 K, but remains almost constant in the region of the magnetic phase transition, while the shorter Fe--O1 bond, which points in c-direction, increases with decreasing T by $0.06 Å and is the only Fe--O bond showing some weakly significant upward step of $0.02 Å around the magnetic ordering temperature. The average hFe--Oi bond stays almost unchanged with temperature. The shortest distance between two neighbouring Fe 2þ cations within the M1 chain reduces from 2.163(1) to 2.149(1) Å , however, different to Si-Hedenbergite, there are no significant discontinuities detectable in this parameter around T N . The same applies to the shortest Fe--Fe distance between neighbouring chains, which increases just as in Si--Hd but without distinct alterations around T N . As a consequence of the reduction of the Fe--Fe and the Fe--O1 distance, the Fe--O1--Fe angle decreases with decreasing temperature from 93.98 (7) at 298 K to 93.51(7) at 4 K, again without any clear step around T N .
Although the average hGe--Oi bond remains remarkably constant with varying T, there are some variations with T for the individual bonds: Ge--O2 reduces almost linearly with decreasing T from 1.708(2) to 1.700(2) Å , while Ge--O1 and the longer Ge--O3 bond increase towards 50 K; around T N , there is a very small drop of $0.02 Å deducible from the data, which is compensated in hGe--Oi by an increase of $0.04 Å in the same T region of the shorter Ge--O3 bond. The tetrahedral bridging angle decreases with decreasing temperature by $0.5 down to 50 K, and remains constant at 156.43 (10) towards 4 K. Most of the observed bond-length changes are within two times the standard deviation of their individual data points but gain significance when the whole series of measurements is considered. The smallness of these bond length changes, in contrast to the pronounced external metric changes, again illustrates the importance of rigid body rotations to accommodate the tetrahedral and octahedral chains.
Magnetic structure of CaFeGe 2 O 6
First additional Bragg reflections in the neutron diffraction data appear between 44 K and 42 K (Fig. 4) . They can be indexed in space group C2/c on the basis of a commensurate propagation vector k ¼ [1, 0, 0]. The possible magnetic space groups were determined using representational analysis following the formalism of Bertaut (1968) [53] with the program BasIreps [46] . The representation is constructed with the Fourier components m k corresponding to the Fe 2þ atoms at the 4e position (0, y, 1 = 4 ). The different basis vectors, which are associated with each irreducible representation were also calculated with the program BasIreps using the projection operator technique; Table 4 gives the four possible magnetic structures, consistent with C2/c symmetry, together with the resulting magnetic space group [50] . According to the refinements of the 4 K data, the magnetic structure is given by G 3 with the basis functions [F x , 0 y , F z ], the resulting magnetic space group is C2 0 =c 0 . Refinements with G 3 converged to R mag values of 4.05% and correspond to a magnetic structure with the moments at the M1 site aligned within the a-c plane with with the crystallographic þa-axis. Diagrams of the obtained magnetic structure are displayed in Fig. 5 . The extracted magnetic moment at 4 K is 4.46(5) m B , which is a reduction of $9% to the theoretical spin only value (Table 5a ). The variation of the magnetic moment with temperature is displayed in Fig. 6 . It shows that the magnetic moment saturates below 10 K; a fit to the data using a power law [51] gives an ordering temperature T N ¼ 43.1(4) K and a critical exponent b ¼ 0.35(2) consistent with a 3D Heisenberg or Ising-model of ordering. 
of spin orientation following the notation of Bertaut (1968) [53] For the reason of consistency, low temperature data on Si--Hd and CaM 2þ Ge 2 O 6 with M ¼ Ni, Ca, Mn of [52] were also re-analysed in terms of representational analysis in the very same way as for Ge--Hd; results are in accordance with the ones obtained in [52] and are included in Table 5a .
Discussion
Germanate-Hedenbergite, (Ge--Hd) CaFeGe 2 O 6 , is another example of a magnetic pyroxene with a very pronounced magnetoelastic coupling. Although the magnetic ground state structure resembles that of several other magnetic pyroxenes, CaFeGe 2 O 6 is also strikingly dissimilar in some respects compared to the very closely related Silicate-Hedenbergite (Si--Hd) CaFeSi 2 O 6 . While the spin structure (FM in the chain, AFM between the chains), the magnetic symmetry (C2 0 =c 0 ) and the ordered moment on the Fe 2þ -ions (Ge--Hd: 4.46 m B and Si--Hd: 4.29 m B ) are rather similar, the magnetic ordering temperature and the canting angle of the magnetic moment of Ge--Hd and Si--Hd are quite different (see Table 5a ). T N of Ge--Hd (42.9 K) is actually higher than T N of Si--Hd (35.4 K), despite the fact that the M--M-distances are significantly larger in the Ge-compound. A possible argument for this would be the stronger covalency of the Ge--O bond. On the other hand, the extrapolated paramagnetic Curie temperature, reflecting the dominating type of magnetic interaction above the ordering temperature, is much smaller in Ge--Hd (q P ¼ 18.6 K) compared to Si--Hd (q P ¼ 40.2 K, see Table 5a ). This could be due to the slightly larger M1--O--M1 angle in Ge--Hd (Fig. 5b) , approaching a value where antiferromagnetic intra --chain coupling is expected to take over. This again shows that magnetic pyroxenes are very close to frustration, within and between the chains, and simple geometrical interpretations are of little help to understand their properties. Anyhow, the huge body of data on magnetic pyroxenes that has been accumulated recently and is still being extended could be quite helpful in gaining a better understanding of this class of materials. To provide an overview of the data on magnetic pyroxenes that is currently available, we have included in Table 5a magnetic data for a number of other Ca-pyroxenes (silicates as well as germanates) with divalent transition metal cations (upper part) and of pyroxenes with transition metals on both octahedral sites (lower part of Table 5a ). The variation of the magnetic properties as expressed, for instance, in the dominating type of interactions (FM vs. AFM) within and between the octahedral chains, the ordering temperature and the paramagnetic Curie temperature is large. The second half of Table 5a shows corresponding data for M2 1þ M1 3þ pyroxenes, including the multiferroic/magnetoelectric compounds NaFeSi 2 O 6 and LiFeSi 2 O 6 . Again, the variability is amazing, even for pyroxenes with the same magnetic ion, given the close structural relation between all the compounds listed. Obviously there is no single parameter or a simple combination of parameters that would be characteristic, for instance, for those pyroxenes which have been found to develop a dielectric polarization in the magnetically ordered state.
In multiferroics/magnetoelectrics the coupling of the magnetic degree of freedom to the lattice is of utmost importance. Table 5b therefore also gathers selected structural parameters for the available magnetic pyroxenes, among them M--O--M-bond angles which determine the in-chain interaction and kinking angles of the tetrahedral chains presumably playing a role in the superexchange interaction between the chains. The table also contains data for the spontaneous magnetostriction at the magnetic ordering transition. The magnetostriction of Ge--Hd is not only quantitatively but also qualitatively different from that of Si--Hd, with different signs of the distortion along the aaxis and drastically different values along c (the chain direction). The same holds true for the cell-volume. As for the magnetic parameters, there is no simple scheme that would give a direct clue to the differences observed for very closely related pyroxenes. The large proportion of 6 . Variation of the magnetic moment M in CaFeGe 2 O 6 as a function of temperature, the curve corresponds to a fit to the data using a power law [51] .
missing data in Table 5b also currently prohibits firm conclusions being drawn from this data.
Conclusion
Magnetic (multiferroic/magnetoelectric) pyroxenes are characterized by a peculiar combination of properties which are presumably responsible for the diversity of the magnetic ground states but also make an appropriate description and analysis very difficult. Some of these characteristic properties are the closeness of the magnetic interactions to frustration resulting from competing interactions within the chains (superexchange via oxygen with M--O--M-angles close to 90
) and between the chains (by superexchange paths via the TO 4 -tetrahedral chains). The pronounced one-dimensional character of the magnetic subsystem also contributes to the frustration. The comparison of Ge--Hd and Si--Hd shows that most of the structural changes induced by the replacement of Si by Ge are not reflected as bond length changes (except for the TO 4 tetrahedra themselves) but are absorbed by rigid body motions of the highly connected network of octahedra and tetrahedra. The effect of the substitution on the polyhedral Table 5a . Compilation of selected magnetic data for clinopyroxenes.
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Ref. network and presumably also on the magnetic ordering is therefore non-local and highly cooperative. The corresponding kinking degree of freedom of the tetrahedral chains, playing a role in the pronounced magneto-elastic coupling observed in several pyroxenes by "modulating" the two competing inter-chain interactions, is supposedly also responsible for the richness of the ground state properties of the magnetic pyroxenes. Beyond these peculiarities there are indications from theoretical calculations by Streltsov and Khomskii [49] , that transferred magnetic moments, i.e. magnetization density on the nominally non-magnetic oxygen atoms, play a decisive role in determining the magnetic ground state properties of the pyroxenes. The estimated transferred moments amount to approximately 0.15 m B and are proposed to renormalize the effective interactions very strongly [49] . In this sense transferred moments in pyroxenes may be considered as "hidden parameters" the influence of which still needs to be explored. Certainly, more accurate quantum chemical calculations are required. From the experimental point of view the required data, spatially resolved magnetization densities from polarized neutron diffraction studies, is still to be collected. 
